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Abstract Two culture media were tested for the
production of bacterial nanocellulose (BNC) under
static culture fermentation, one containing molasses
(Mol-HS), the other molasses and corn steep liquor
(Mol-CSL), as a source of carbon and nitrogen,
respectively. These are low-cost nutrients widely avail-
able, which provide very good BNC productivities.
However, the use of these substrates generates wastew-
aterswith highorganic loads.Anaerobic digestion is one
of the most promising treatments for industrial wastew-
aters with high organic loads since, beyond removal of
the organic matter, it generates energy, in form of
biogas. The wastewaters from BNC fermentation were
thus evaluated for their biochemical methane potential
through anaerobic digestion. For this, two wastewaters
streams were collected: (i) the culture medium obtained
after fermentation (WaF) and (ii) the WaF combined
with BNC washing wastewaters (WaW). These two
effluents—WaFandWaW—werecharacterized regard-
ing their chemical oxygen demand, total nitrogen, total
and volatile solids, to assess their suitability for
anaerobic digestion. The biochemicalmethane potential
of WaF and WaW from Mol-CSL wastewaters was
(387 ± 14 L kg-1 VS) and (354 ± 4 L kg-1 VS),
corresponding to a methanization percentage of
(86.9 ± 3.1)% and (79.5 ± 0.9)%, respectively. After
treatment, the chemical oxygen demand of WaF and
WaW was reduced by (89.2 ± 0.4) and (88.7 ± 1.5),
respectively. An exploratory test using an Upflow
Anaerobic Sludge Blanket reactor for WaW treatment
was also performed. The reactor was operated with
a organic loading rate of [(6.5 ± 0.1) g L-1 d-1] and
hydraulic retention time of 3.33 days, allowing a
chemical oxygen demand removal of 58% of WaW.
Results here obtained demonstrate, for the first time, the
high potential of AD for the valorisation of the BNC
fermentation wastewaters.
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Introduction
Bacterial nanocellulose (BNC) is a 3D nanofibrillar
cellulose network, produced by acetic acid bacteria.
The membranes produced in static culture present high
porosity, high water retention capacity, high mechan-
ical strength in the wet state, and biocompatibility
(Jozala et al. 2016). However, the large-scale BNC
production remains a challenge due to the low yields,
ineffective fermentation systems, high capital invest-
ment and high operating costs (Gama et al. 2016). As
with many fermentation processes, the cost and
availability of the substrates also play a determining
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role in the economic feasibility of the process (Jozala
et al. 2016). The sustainable BNC fermentation from
low-cost organic by-products has long been pursued.
Examples include the use of waste glycerol from
biodiesel (Vazquez et al. 2013), molasses (Bae and
Shoda 2004; Premjet et al. 2007; Rodrigues et al.
2018), grape bagasse (Vazquez et al. 2013), wheat
straw (Chen et al. 2013), corn stalk (Cheng et al. 2017)
and corn steep liquor (CSL) (Costa et al. 2017). Other
alternative substrates for the BNC production include
distillery effluents from several industries as pulp and
paper or beverage, and wastes from textile and
agricultural production (Kongruang 2007; Lin et al.
2014; Tsouko et al. 2015; Campano et al. 2016; Huang
et al. 2016; Zhao et al. 2018).
Despite their low cost and high BNC yields, these
low value-added nutrient sources contain high organic
loads, some also having antimicrobial components
such as phenols, which are major drawbacks for the
BNC fermentation processes. Indeed, these alternative
substrates may place an economic burden either
downhill, due to the need for more demanding
wastewaters treatments and/or, uphill, due to the need
of substrates pre-treatment before fermentation.
Therefore, while the BNC productivity is important,
the overall economic and environmental impact of
using alternative substrates for the BNC fermentation
should be considered for the economic but sustainable
production of BNC. To the authors knowledge, no
work has been done on the characterization of the
wastewaters from the BNC production process. Fur-
ther, the valorisation of the BNC fermentation and
purification wastewaters through anaerobic digestion
is here addressed, specifically concerning their poten-
tial for biogas production, through anaerobic
digestion.
Anaerobic digestion (AD) is an effective microbi-
ological wastewater pre-treatment process, offering
meaningful advantages including low sludge produc-
tion, low energy requirement, odour reduction, control
of pathogens or renewable energy recovery while
treating wastewaters with high organic loads (Mata-
Alvarez et al. 2000; Botheju and Bakke 2011;
Rajagopal et al. 2013). Through AD, organic matter
is upcycled into biogas (about 70% methane and 30%
of carbon dioxide), which can be used for heat and/or
electricity generation (Wilkie 2005; Appels et al.
2008). As a renewable energy source recovered from
organic waste, biogas has been receiving increasing
attention over the past few years. Numerous studies
were reported on all aspects of biogas production,
from processing to utilization (Dupla et al. 2004;
Mata-Alvarez et al. 2000; Masse´ et al. 2010; Zhang
et al. 2007).
In this work, a synthetic medium (as a control) and
alternative low-cost and high organic load substrates
were used for the BNC fermentation under static
culture. The resulting wastewaters from each assay
were characterized regarding chemical oxygen
demand (COD), total nitrogen (TN), total and volatile
solids (TS and VS), to assess their suitability for AD.
Afterwards, AD was studied in batch and in contin-
uous assays, to evaluate the upcycling of the organic
wastes into biogas.
Material and methods
Bacterial nanocellulose fermentation
Bacterial strain and culture medium
The strain Komagataeibacter xylinus ATCC 700178
was used for the BNC production. The strain was
maintained in Hestrin-Schramm culture medium (HS)
with agar (20 g L-1) (HIMEDIA) (Schramm and
Hestrin 1954). Different liquid culture formulations
were tested for BNC (and effluent) production: a
modified synthetic HS medium (Schramm and Hestrin
1954) and two alternative media containing molasses,
supplied by RAR (Refinarias de Ac¸ucar Reunidas.
S.A.; Portugal) as carbon source and Corn Steep
Liquor (CSL), supplied by COPAM (Companhia
Portuguesa de Amidos. S.A.; Portugal), as nitrogen
source. In previous work, the optimization of BNC
production by K. xylinus ATCC 700178 (BPR2001)
using these nutrients was performed (Rodrigues et al.
2018). In this work, the impact of molasses and CSL
on the wastewater organic loads was assessed. The
effluents generated in the BNC production using the
following culture media were collected:
• HS (control culture medium)—Glucose 40.0 g L-1
(Fischer chemical); peptone 5.0 g L-1 (Liofil-
chem); yeast extract 5.0 g L-1 (Liofilchem);
• Mol-HS, where the glucose content in HS was
replaced with an equivalent amount of molasses
(40.0 g L-1 of total sugars)
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• Mol-CSL, where the glucose content in HS was
replaced with an equivalent amount of molasses
(40.0 g L-1 of total sugars); the protein content was
replaced with CSL (7.0 g L-1); ammonium
sulphate (0.5% (w/v)) was also added.
All formulations were complemented with ethanol
1.5% (v/v), disodium phosphate di-hydrated 3.39 g
L-1 (Labkem) and citric acid 1.26 g L-1 (Panreac)
(Rodrigues et al. 2018). The composition of molasses
(determined as described on ‘‘Analytical methods’’
section) was: sucrose 625 g L-1; glucose 19 g L-1; and
fructose 11 g L-1. Total protein in CSL (determined as
described on ‘‘Analytical methods’’ section) was of
(177.1 ± 7.0) g L-1.
Inoculum preparation and static culture fermentation
Komagataeibacter xylinus cells were grown under
static culture, in 1 L conical flasks with 100 mL of HS
medium, containing the following components (in g
L-1): glucose 20.0, peptone 5.0, yeast extract 5.0,
disodium phosphate di-hydrated 3.39 and citric acid
1.26. Before inoculation, HS medium was autoclaved
at 121 C for 20 min. After 48 h of incubation of the
pre-inoculum, the formed cellulose pellicle was
shaken to release the bacteria entrapped within the
cellulose matrix into the residual medium, which was
used for further inoculation at 10% (v/v) of the final
fermentation volume, in the different culture media.
These culture media were incubated at 30 C for 7
days (or 30 days for UASB assay) (in vessels filled up
to 1 cm depth) in a static incubator (Pol-EKO
Aparatura CLN 180).
Bacterial nanocellulose yield and collection
of the wastewaters
After 7 days of fermentation, the produced BNC was
milled and washed in order to remove impurities such
as culture medium residues and trapped cells. One
batch (100 g) of the milled BNC was filtered and the
filtrate collected (Wastewater after Fermentation—
WaF). (ii) In parallel, another batch of milled BNC
was filtered, and the fibres were submitted to a
sequential filtration-washing as follows: (i) resuspen-
sion in a solution of NaOH 0.1 M (added up to a total
mass of 100 g) and filtration; this process was repeated
with (ii) NaOH 0.1 M and (iii) distilled water. The
filtrates obtained were combined and neutralized with
acetic acid (4% v/v) (Wastewater after Washing—
WaW). The WaF and WaW filtrates were frozen at -
20 8C until characterization of the COD, TN, total
sulphates (TSO4), TS, VS, volatile fatty acids (VFA)
and pH. The washed BNC cake was dried in an oven at
60 8C until constant mass and weighed in order to
calculate the volumetric yield of BNC, which was
determined by:
BNC
gL1
¼ Dried BC=g
Culture medium volume=L
ð1Þ
Anaerobic treatment
Biochemical methane potential (BMP) assays
The BMP assays were performed as described else-
where (Angelidaki et al. 2009; Holliger et al. 2016).
Briefly, the assays were carried in 600 mL serum
bottles, using a working volume of 150 mL consisting
of inoculum (60 mL, further described below),
substrate (1 g of COD in each bottle) and buffer
medium according to Holliger et al. (2016). Bottles
were closed with rubber stoppers and aluminium caps
and the headspace was flushed with N2/CO2 (80/20
v/v). A blank assay (without substrate) was used to
estimate the methane produced by the inoculum itself.
A positive control assay, with microcrystalline cellu-
lose as substrate, was used to access the quality of the
inoculum. All assays were performed in triplicates, at
37 C, with manual stirring, once a day.
The anaerobic inoculum used in the BMP assays
consisted of a mixture (50/50 m/m) of anaerobic
granular sludge, from a brewery wastewater treatment
plant, and fresh manure, from a dairy farm. This
mixture was incubated at 37 C for 15 days, to deplete
the residual substrate (degassing process). VS content
was of (61 ± 1) g kg-1of inoculum.
During the assays, the methane accumulated in the
bottles’ headspace was measured periodically by gas
chromatography (GC), sampling 500 lL with a gas
tight syringe. Methane volume was corrected for STP
conditions (0 C and 101.3 kPa) (Costa et al. 2012a).
BMP was calculated according to (Costa et al. 2012b)
and expressed as the volume of methane at STP
conditions per amount of VS of inoculum (L kg-1).
The percentage of methanization (PM) was
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determined with Eq. 2, where CODCH4 represents the
COD (g) converted to methane (subtracting the
methane produced in the blank assay); CODinitial is
the COD (g) of the substrate in each bottle.
PM
%
¼ CODCH4
CODinitial
 100 ð2Þ
Continuous reactor setup
This trial was performed only with WaW from Mol-
CSL medium, as it corresponds to the whole wastew-
ater generated from the BNC production with highest
yield. The continuous assay was carried out in a 200
mL acrylic upflow anaerobic sludge blanket (UASB)
reactor, with a working volume of 180 mL (Fig. 1). It
was operated at 37 C and inoculated with 10 g L-1 of
VS. WaWwas previously centrifuged at 11,2009g for
10 min (Eppendorf 5430 R, rotor F-35-6-30). Sodium
bicarbonate was added at 5.0 g L-1 to provide
suitable alkalinity. The anaerobic digestion of WaW
was performed using the following operational param-
eters (Table 1)
Biogas production was measured with a Ritter
MilliGas counter (Dr. Ing. Ritter Apparatebau GmbH,
Bochum, Germany). Methane content of the biogas
was analyzed by GC. Total and soluble COD, pH, VS,
sulphide, ammonia and VFA were monitored during
reactor operation.
Analytical methods
COD, sulphates and sulphide were determined using
standard kits (Hach Lange, Du¨sseldorf, Germany). For
soluble COD, the samples were previously centrifuged
for 10 min at 25,2009g (Eppendorf 5430 R, rotor
F-35-6-30). VS (the weight loss after a sample is
ignited and heated to dryness) and TS (the residue left
in the vessel after evaporation of liquid) were deter-
mined according to Standard Methods (Baird and
Eaton 2012). pH values were measured using a Hanna
pH meter HI-207. Ammonium (NH4
?) was deter-
mined by Direct Nessler Method (Baird and Eaton
2012), while free ammonia (NH3) was calculated
according to Oliveira et al. (2015). VFA quantification
was performed by high-performance liquid chro-
matography (HPLC) using a Jasco HPLC (Tokyo,
Japan), equipped with Rezex ROA Organic Acid H?
column at 60 8C, UV–VIS detector and mobile phase
of H2SO4 (2.5 mM), with a flow rate of 0.6 mL min
-1.
Methane content was analysed on a GC-2014 Shi-
madzu ATF model equipped with a Porapak Q column
(80-100 mesh) (2 m 9 3.75 mm) with an FID detector
and a flow rate of 30 mL min-1 of N2 as carrier gas.
The temperatures of the detector, injector and oven
were of 35 C, 110 C and 220 C respectively. The
injected volume was of 20 lL. Sugars (sucrose,
glucose and fructose) quantification was carried out
using HPLC (Aminex HPX-87H IEX column, 300
mm 9 7.8 mm; IR detector) operated with the
following conditions: mobile phase (5 mM H2SO4)
flow rate at 0.05 mLmin-1, 35 C column temperature
and 30 min retention time per sample. The injected
volume was of 20 lL. The concentrations of sucrose,
glucose and fructose were determined based on
calibration curves obtained using the pure compounds
ranging from 0.01–30 g L-1. Total protein in CSL was
determined by the Kjedhal method (Bradstreet 1954).
Sample digestion was done on a Digester Foss, modelFig. 1 Scheme of the UpflowAnaerobic Sludge Blanket reactor
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Tecator/Labtec of eight tubes, whereas the distillation
was performed on a distiller from Foss, Model Kjeltec
8400 Analyzer Unit. All figures were done with Prism
7 for Mac OS X (1994-2016 GraphPad Software, Inc).
Results
Characterization of the effluents
The characterization of the effluents (WaF of all
formulations and WaW of Mol-CSL) resulting from
the BNC fermentation with the different culture media
(HS, Mol-HS and Mol-CSL) is presented in Table 2.
Each parameter was measured in triplicate and the
values represent the mean and standard deviation.
BNC yield was quantified in all culture media.
As compared to the control (HS) the use of alternative
culture media significantly improved the yield of BNC,
by more than two-fold and three-fold with Mol-HS and
Mol-CSL, respectively. However, as observed in
Table 2, the wastewaters generated (WaF) are more
concentrated in TS, VS and COD. Since Mol-CSL
allowed the highest BNC yield to be obtained, it was
selected for further studies related to the effluent
treatment. Although the corresponding effluent
(WaW), which gathers the several washing streams, is
diluted as compared to WaF, all values are still well
above legal limits referenced on the Portuguese legal
discard limit (COD\ 150 mg L-1; TN\ 15 mg L-1;
TS\ 60 mg L-1; sulphates\ 2.0 g L-1).
Biochemical methane potential of effluents
generated using Mol-CSL
BMP assays (anaerobic biodegradability test) were
performed to evaluate the potential of the effluents
(WaF and WaW) from Mol-CSL culture medium to
produce biogas. Maximum values of methane yield
were achieved with both waste streams after 7 days of
digestion (Fig. 2). Then, the methane yield remained
constant, until methane production fulfils the criteria
to finish the assay (Holliger et al. 2016).
High percentages of metanization (PM) were
obtained with both waste streams (Table 3). Also,
after the anaerobic biodegradability tests, the pH
became neutral, within the ideal pH range for
methanogenic bacteria, 6.8–7.2 (Edward et al. 2015).
Table 1 Operational
parameters of UASB assay
Operational parameters Period I Period II
Hydraulic retention time (days) 1.67 3.33
Influent COD (g L-1) 21.5 ± 0.5 21.5 ± 0.5
VS loading rate (VSLR) (g L-1 day-1) 8.9 ± 0.2 4.10 ± 0.02
Organic loading rate (OLR) (g L-1 day-1) 12.9 ± 0.3 ± 0.02
Time (days) 0–20 20–28
Table 2 Characterization
of effluents generated in the
BNC production
Parameter Units Culture medium
WaF WaW
HS Mol-HS Mol-CSL Mol-CSL
TS g L-1 26.8 ± 0.4 53.1 ± 1.3 73.4 ± 1.6 20.6 ± 0.1
VS 21.5 ± 0.4 43.7 ± 1.0 58.1 ± 1.4 13.5 ± 0.1
pH 3.36 4.35 4.35 6.80
COD 37.4 ± 5.7 54.5 ± 2.1 75.2 ± 2.5
CODt 19.2 ± 0.2
CODs 18.8 ± 0.3
TN 1.51 ± 0.11 1.21 ± 0.01 1.73 ± 0.08 0.90 ± 10
VFAt 1.89
SO4
2- mg L-1 nd nd 883 ± 88 1830 ± 15
BNC yield g L-1 1.79 ± 0.04 4.08 ± 0.29 5.95 ± 0.76
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VFA were not detected, suggesting that anaerobic
digestion occurred without any inhibition (Appels
et al. 2008). Indeed, low values of ammonia (which
may cause inhibitory effects on the anaerobic diges-
tion process when present in contents from 100 mg
L-1 (NH3-N) (Hansen et al. 1998) and sulphide
concentrations after biodegradation were observed.
The CODs values after the biodegradability test,
(0.72 ± 0.03 for WaF and 0.75 ± 0.10 for WaW) g
L-1, demonstrated that an overall conversion of
89.2 ± 0.1 and 88.7 ± 1.5% was achieved for WaF
and WaW respectively, since each flask in the assay
was initially loaded with 6.7 g L-1 of COD.
UASB reactor
Given the positive results obtained in the anaerobic
biodegradability assays, a pre-feasibility study was
performed for the continuous treatment of WaW,
using a UASB reactor. A larger amount of WaW
effluent was produced running larger fermentation
batches for BNC production, using Mol-CSL medium,
for 30 days. The characterization of the obtainedWaW
effluent was made, the following results being
obtained: TS (36.7 ± 0.6) g L-1; VS (14.6 ± 0.6) g
L-1; COD (22.2 ± 0.7) g L-1; CODs (21.4 ± 0.5) g
L-1; pH (6.85 ± 0.2); SO4
2- (1503 ± 77) mg L-1.
Significantly different values of TS and COD were
obtained, which are assigned to the rather different
conditions of the fermentation (longer time and larger
scale). The methane yield, expressed as the volume of
methane (L) per mass of removed COD (kg), is
presented in Fig. 3a. An increasing trend was observed
in Period I reaching a maximum value of about 200 L
kg-1 on day 20. When the HRT increased (from 1.67
to 3.33 d) in Period II, the methane yield increased
approaching the theoretical maximum of 350 L kg-1
(Fig. 3a). The maximum percentage of methane
present in the biogas was approximately of 72%.
The relatively lower methane yield (expressed as
the volume of methane (L) per mass removed VS (kg))
obtained in the UASB reactor in period I (102 L kg-1
VS) (Fig. 3b), as compared to the values obtained in
the BMP (354 ± 4) L kg-1 VS (Table 3), is likely due
to the short HRT applied. This was confirmed when
the HRT was doubled in Period II and the methane
yield increased to 202 L kg-1 VS (Fig. 3b).
Figure 4 presents the values of VS (a), COD
removal (b), effluent pH (c), NH3 (d), NH4
? (e), H2S
and S2- (f), VFA (g) and Total Volatile Fatty acids
(VFAt) (h). VS removal decreased from 90 to 62% in
Period I and recovered to a higher value of 72% when
the HRT increased to 3.33 d in Period II (Fig. 4-a).
COD removal (Fig. 4b) increased throughout Period I
and stabilized around 60%, during Period II, although
the stability was not reliable, likely because of the
short operation time assessed (only 7 days, corre-
sponding to about 2 times the applied HRT). The pH
was consistently above 7 and tended to increase. This
led to an increase of the free ammonia Nitrogen (NH3)
during period I, as depicted in Fig. 4d. In Period I, the
VFAt (Fig. 4h) achieved a total concentration of 9.5 g
L-1, but decreased throughout the duration of the
Fig. 2 Methane production (L kg-1 of VS) using WaF and
WaW. Methane production in the blanks was subtracted from
the methane produced by the assays with substrate.
Table 3 Characterization of the waste streams from Mol-CSL
culture medium, after anaerobic biodegradability tests
Parameter Units WaF WaW
BMP L kg-1 387 ± 14 354 ± 4
PM % 86.9 ± 3.1 79.5 ± 0.9
pH 7.17 ± 0.00 7.20 ± 0.00
CODs g L-1 0.72 ± 0.03 0.75 ± 0.10
VFA g L-1 n.d n.d
S2- mg L-1 0.023 ± 0.004 0.02 ± 0.01
NH4
? mg L-1 312 ± 35 186 ± 10
NH3 mg L
-1 9.0 ± 1.0 8.0 ± 0.0
The BMP results presented were calculated after subtraction of
blank value
n.d. Non-detected
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assay. Acetic acid was present in the highest concen-
tration, reaching 5.2 g L-1 (Fig. 4g). Therefore, this
VFA accumulation at the beginning of the assay led to
low methane production (Fig. 3). The concentrations
of S2- remained constant on period I and decreased in
period II, with high oscillation. Yet, the unionised
aqueous H2S form did not increase above 100 mg L
-1
except on days 3 (147 mg L-1) and 6 (114 mg L-1)
(Fig. 4f).
Discussion
Molasses and CSL have high organic solids content
(Battad-Bernardo et al. 2004) and contain a variety of
unknown compounds, contributing to the higher
compositional complexity and increased values of
VS, TS and COD (Table 2). The acidic pH in all WaF
effluents is explained by the production of acetic acid
during fermentation with acetic acid bacteria (such as
K. xylinus), which was mostly neutralized after
washing with NaOH solutions (WaW). In addition,
high concentration of sulphates (SO4
2-) were
observed on Mol-CSL (WaW), reaching levels well
above legal limit for discharge of effluents, as also
verified for COD, TS, and TN (Table 2). Therefore, all
tested media need to be treated before being discarded.
Anaerobic digestion is an interesting process for
effluent pre-treatment, while producing biogas, and
was explored in this work (further discussed below).
Soluble COD (CODs) account for[ 98% of the total
COD, meaning that the organic matter in the effluent is
mainly soluble. Biodegradability tests of the effluents
WaF and WaW were performed, where optimal
conditions were used in order to maximize biogas
production and COD reduction (Fig. 2 and Table 3).
From these assays, high PM and low values of VFA
were obtained with both effluents, confirming the high
potential for biogas production (Table 3). However,
VFAt was found to constitute about 10% of the COD,
meaning that 90% of the COD is composed of
unknown compounds. Not knowing the nature of
almost all compounds, COD removal capacity is
unpredictable. Also, the high concentrations of ammo-
nia nitrogen and sulphate in these wastewaters, may
inhibit the digestion process (Esposito et al. 2012). To
further evaluate the BMP potential of WaW wastew-
aters from Mol-CSL medium, a continuous reactor
UASB was used. The fast increase of methane yield as
a response to the change in the HRT (from 1.67 to 3.33
d) indicates that further adjustments in the operational
parameters in the UASB reactor would lead to a better
performance, in terms of COD removal and methane
production (Figs. 3 and 4b).
According to Souza et al. (1984), Gerardi et al.
(2003) and Chen et al. (2008), sulphide values from
100 to 200 mg L-1 can be highly toxic, causing
inhibition of anaerobic microorganisms. As observed
in Fig. 4f, on both periods the sulphide (S2- and H2S
form) concentrations were in the range of 100–400 mg
L-1. Inhibition may have occurred due to the high
concentration of sulphide present throughout the
UASB assay (Fig. 4f). When the ideal range of pH
(7.00 ± 0.20) is surpassed (Edward et al. 2015),
inhibition of the anaerobic digestion may occur due
to the shift to a higher ratio of inhibitory free ammonia
in the reactor (Appels et al. 2008). Subsequently,
negative effects were probably observed, since con-
centration of free ammonia (138 mg L-1) exceeded
the value considered toxic to methanogenic micoroor-
ganisms (above 100 mg L-1) (Fig. 4d). As observed in
Fig. 4c and d, there was an increase of pH along UASB
assay, which could be related to the increase of free
0
50
100
150
200
250
300
350
400
0 5 10 15 20 25 30
)gk/L(
/
devo
mer
D
OCrep
4HC
t / d
(a)
0
50
100
150
200
250
0 5 10
Period I
Period II
15 20 25 30
CH
4 
/ 
(L
/k
g 
VS
)
t / d
(b)
Fig. 3 Methane yield in the UASB reactor; HRT change
represented after 20 days (vertical dashed line); a Methane yield
per kg of COD removed; b Methane yield per kg of VS removed
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ammonia. VFA were mainly composed of acetic acid
and showed a decreasing behaviour along the two
operation periods. No pH decrease was observed
associated to the maximum VFA concentration
detected on day 12 (9.5 g L-1 as COD) (Fig. 4c–h).
The WaW BMP results can be compared with those
obtained in the UASB reactor. In the BMP assays,
ideal conditions were ensured, by adding nutrients and
diluting the substrates to a COD concentration of 6.7 g
L-1. Contrarily, for the UASB reactor assay, the
substrate (WaW) was added directly, without any
dilution (initial COD value of 22.2 g L-1). In fact,
working with high amounts of organic matter led to an
inferior performance in terms of COD removal and
Fig. 4 UASB reactor operation; HRT change represented after
20 days (vertical dashed line); a VS removal (%); b COD
removal (%); c pH; d NH3; e NH4
?; f S2- and free H2S;
g formic, acetic, propionic, iso-butyric and n-butyric acids
concentrations; h total VFA concentration, expressed in COD
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biogas production. Another important factor is the
HRT, as compared to the reaction time in the BMP
assays. In the BMP tests, after 7 days the reaction was
complete (Fig. 2), while on UASB reactor the initial
HRT applied was only 1.67 d, being increased to 3.33
d, after 20 days (Figs. 3, 4).
Overall, this experiment shows the feasibility of
using AD for the valorisation of the wastewaters from
the BNC fermentation process. Several works,
recently published, address the identification of low-
cost substrates, in particular by-products from the food
industry, for the production of BNC (Campano et al.
2016; Jozala et al. 2016). This is expected to increase
the BNC yield while reducing the costs, and simulta-
neously, contribute to a sustainable circular economy.
However, the studies performed so far did not address
the fate of the wastewaters generated by the fermen-
tation. For a large scale set up, this may have a rather
relevant impact on the capital investment and opera-
tional costs, which must be quantified, considering the
savings associated to the use of cheaper substrates and
improved yields, as well as the increased costs
associated to wastewater treatment. As a matter of
fact, we demonstrated in this work that molasses and
CSL generate an effluent with very high TS, VS and
COD, as compared to the synthetic media, requiring a
more demanding wastewater processing previously to
being discharged. It was also shown that Mol-CSL
effluents may be processed by AD, while generat-
ing biogas. In previous work, the techno-economic
viability of BNC production was evaluated (Dourado
et al. 2016). Given the promising results here obtained,
future assays will be made to improve the performance
of the UASB reactor, extending the basis for an
economic analysis on the costs/benefits of a BNC
production plant incorporating the production and
exploitation of methane.
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